Abstract-The evolution of copper ion species and charge state distributions is measured for a long vacuum arc discharge plasma operated in the presence of a longitudinal magnetic field of several 10 mT and working gas (Ar). It was found that changing the cathode-anode distance within 20 cm as well as increasing the gas pressure did not affect the arc burning voltage and power dissipation by much. In contrast, burning voltage and power dissipation were greatly increased as the magnetic field was increased. The longer the discharge gap the greater was the fraction of gaseous ions and the lower the fraction of metal ions, while the mean ion charge state was reduced. It is argued that the results are affected by charge exchange collisions and electron impact ionization.
INTRODUCTION
The term "vacuum arc" suggests that no gaseous ions would appear in this kind of discharge because the main ionization processes take place at cathodic arc spots and close to the cathode region, where plasma is produced from electrode material. Near the cathode, the density of metal plasma is much higher than the density of residual gas even if additional gas was supplied into the discharge gap. This is indeed correct up to the relatively high background pressure of about 10 -4 Torr. No essential ionization of gaseous molecules was observed in experiments [1] . However, it is important to note that an increase of background pressure influenced the metal ion charge state distribution. The presence of gas greatly reduces the higher charge states of metal ions, confirming the rule that in order to obtain the highest charge states, one must decrease the background gas pressure to the minimum possible. There is ample and firm experimental evidence for charge-exchange as the main process responsible for reducing the metal ion mean charge state in the presence of gas neutrals [2] [3] [4] .
When the vacuum arc with gas feeding is combined with a magnetic field, the charges states have still a tendency to fall, though a large fraction of gaseous ions appears [1, 5] . As follows from our previous publication, the ionization of gaseous molecules takes place in the volume of the discharge gap [4] . This paper presents results of more detailed investigations of both processes, namely the reduction of high charge states of metal ions and the appearance of gaseous ions. We conduct the experiments using a vacuum arc discharge ignited in an extended gap with gas feed and in the presence of a longitudinal magnetic field. The work follows and concludes previous research done in close collaboration between the research groups in Berkeley and Tomsk [6] .
II. EXPERIMENTAL SET-UP
The schematic of the experimental set-up is shown in Fig. 1 . It is based on the "MEVVA V" vacuum arc ion source at Lawrence Berkeley National Laboratory [7] . For the present experiments, the cathode unit of the ion source was replaced by a long solenoid of 8 cm inner diameter and 20 cm length. A vacuum arc copper cathode (1) with the traditional flashover trigger system was located inside the coil (6) . The inner surface of the coil body (5) served also as the vacuum arc anode. The cathode together with the trigger ring (2) and ceramic (3) was fixed onto the top end of a movable stainless steel rod (4). This gave us the possibility to change the location of the cathode unit within the coil from position L=0 to L=20 cm. The zero location was chosen at the coil end facing the MEVVA extraction system.
Working gas argon was fed from the other side of the coil. Because of a rather wide extraction area, the pressure drop between discharge area and the body of the vacuum vessel was relatively small. The traditional "MEVVA V" ion source power supply and its high voltage triggering system was used for operating the vacuum arc. In all experiments the parameters of the arc current remained the same, namely 200 A, 300 µs, with 0.3 pulses per second. The coil current was supplied by discharging an assembly of 10 capacitors in parallel with a total capacity of 250 µF. Triggering of the magnetic field coil current was controlled by a The work was supported by DOE IPP, project LBNL-T2-0196, and by the Department of Energy under contract AC02-05CH11231. thyristor switch. A relatively low pulse repetition rate was chosen in order to provide enough time between pulses to charge the capacitor for the magnetic coil. Measurements of the pulsed magnetic field by a small probe coil had shown that the B-field reached it maximum at about 5.5 ms after start of the coil current. Therefore the arc triggering was delayed by approximately 5.5 ms to utilize the maximum field. At the maximum of the coil current, the magnetic coil provided approximately 10 mT in the center of the coil per 1 A coil current.
Ions were extracted and accelerated by up to 40 kV and then analyzed by a time-of-flight (TOF) spectrometer [8] . All measurements of the ion spectra were made at the middle of the arc pulse, i.e., at approximately 150 µs after arc start. As expected, moving the cathode far away from the extraction area had a significant influence on the extracted ion current. Moving to L = 20 cm, the total ion beam current decreased from 90 mA to 16 mA.
An increase of the gas pressure caused a relatively minor decrease of the extracted ion current. As follows from the experiments, the ion current fell from 44 mA to 25 mA when the pressure of argon increased from 7.5 x 10 -5 Torr to 2.4 x 10 -4 Torr. Figs. 2 and 3 show TOF spectra of extracted ion beams for the two extreme cases L = 0 cm and L = 20 cm. It is clearly visible that the further away the location of the cathode from the ion extraction zone the more gaseous ions appear in the ion beam. More detailed data of such tendency can be found in Fig. 4 , which shows the composition of the extracted ion beam for different cathode positions. Another important conclusion is that the decrease of the high charge state fraction of copper ions corresponds to an increase of the fraction of lower charge states.
Feeding gas into the discharge gap and thus increasing the gas pressure enables the generation of gaseous ions. As follows from the experimental results shown in Fig. 5 , the longer the distance between the cathode spots and the location of investigation, given by the extraction system, the more gaseous ions appear in the extracted ion beam. The level of the gaseous ion fraction is determined by the gas pressure. The mean charge state of the metal ions also depends on the discharge gap distance. The pressure is critically important for the reduction of the high charge state fractions of metal ions (Fig.6) . The higher the pressure the stronger the influence of the cathode position on the charge composition of the metal ions. We can summarize the findings as follows. Feeding gas into the discharge gap leads to two effects. First, the gas decreases the high ion charge state and correspondingly increases the low charge states. Second, the gas also enables the generation of gaseous ions.
For the first effect, only the gas pressure is important. In contrast, the appearance of gaseous ions is greatly affected by the presence of the magnetic field, as clearly illustrated by the experimental results of Fig. 7 . Without magnetic field, only small amounts of gaseous ions can be found provided the cathode is positioned at a rather long distance to the extraction zone. The situation changes dramatically when even only a rather weak magnetic field is applied.
IV. DISCUSSION
This distinct behavior can be explained taking the different types of collisions into account and whether or not free electrons are involved in them.
The reduction of high metal ion charge states and the corresponding increase of lower metal ion charge states is a "fingerprint" of charge exchange collisions. When higher charged metal ions collide with metal neutrals, charge transfer reduces the higher charge state by one, and a singly charged metal ion appears. The gas atoms themselves can be a collision partner, though ionization of argon is unlikely due to the energy defect [2] [3] [4] ; it is only likely in three particle collisions involving a doubly charged copper ion. Gas atoms can slow down copper ions by elastic collisions, and thereby promote the formation of copper neutrals near walls [2] [3] [4] , which in turn affects the charge exchange rate. The presence of the magnetic field does not affect the motion of atoms, and only marginally those of ions, and hence charge exchange collisions are not very sensitive to the presence of the field.
In contrast, the appearance of gaseous ions is caused by electron impact ionization. Free electrons are greatly affected by the magnetic field because their gyration radius is much smaller than the characteristic system size (here the solenoid radius). Therefore it does not surprise that the likelihood of ionization of the background gas is enhanced as soon as the magnetic field is switched on. Higher gas pressure also promotes an increased likelihood of electron-gas elastic collisions, which leads to cooling of the electrons, followed by a reduced ability to cause ionization. 
V. CONCLUSIONS
The experimental results presented in this paper are complimentary to our previous findings that the processes of gas ionization and reduction of metal ion mean charge state take place not at or near the cathode surface but in the space between the cathode and anode. Different collision processes with neutral atoms are responsible for this. They include, but are not limited to, (i) charge exchange of multiply charged metal ions with metal neutrals, and (ii) gas ionization by the energetic electrons of the tail of the Maxwell distribution. The presence of gas affects both types of collisions. Since electrons are readily magnetized, collision types involving free electrons are very sensitive to the absence or presence of a magnetic field. We hope that the results of these experiments will promote the creation of more detailed physical models of the cathodic arc plasma and its interaction with gas atoms and external fields. The results have also relevance to the cathode processes themselves, for example they imply that the charge states of metal ions at cathode spots are higher than generally observed in some distance because the observed values resulted from plasma that had interacted with gas or the metal neutrals [2, 9] .
